The signaling pathways involved in the generation and maintenance of exocrine gland acinar cells have not yet been established. Primary human salivary gland epithelial cells, derived from salivary gland biopsies, acquired an acinar-like phenotype when the [Ca 2؉ ] in the serum-free medium (keratinocyte growth medium, KGM) was increased from 0.05 mM (KGM-L) to 1.2 mM (KGM-H). Here we examined the mechanism underlying this Ca 2؉ -dependent generation of the acinar cell phenotype.
Fluid secretion from salivary glands is initiated by a neurotransmitter-stimulated elevation of cytosolic [Ca 2ϩ ] ([Ca 2ϩ ] i ) in acinar cells, the primary site of fluid secretion in the gland (1) (2) (3) (4) . This increase in [Ca 2ϩ ] i is dependent on a Ca 2ϩ entry mechanism called store-operated Ca 2ϩ entry (SOCE) 3 and provides crucial Ca 2ϩ signals that are required for activation of critical ion channels such as Ca 2ϩ -activated K ϩ channels (5) and Cl Ϫ channels (TMEM16A) as well as increasing Na ϩ /K ϩ / 2Cl Ϫ co-transporter activity. The net result of this is the gener-ation of an osmotic gradient that drives fluid secretion of the cell via an apically localized water channel, AQP5, which is a marker protein for salivary acinar cells (3, 6) . Physiologically, SOCE is activated in response to the release of Ca 2ϩ from the endoplasmic reticulum by inositol 1,4,5-trisphosphate generated by neurotransmitter stimulation of acinar cells. In salivary gland cells, SOCE involves activation of the plasma membrane Ca 2ϩ channels Orai1 and TRPC1 by the endoplasmic reticulum-Ca 2ϩ sensor protein STIM1 (7) (8) (9) .
It is now well established that changes in [Ca 2ϩ ] i acutely regulate physiological functions in acinar cells. However, longterm effects of Ca 2ϩ signals on cellular processes such as regulation of gene expression have not yet been described in this cell type. Ca 2ϩ -dependent regulation of gene expression has an important role in cell proliferation and differentiation in a number of other cell types (10) . The nuclear factor of activated T cells (NFAT) family is a well characterized and critical group of Ca 2ϩ -dependent transcription factors (11, 12) . NFAT1 plays a critical role in the activation and differentiation of not only T cells but also in other immune cells, such as dendritic cells, B cells, and megakaryocytes (13) (14) (15) (16) . There is strong evidence that Ca 2ϩ entry via SOCE is a key trigger for activation of NFAT1, resulting in the binding of Ca 2ϩ to calmodulin, which subsequently leads to the activation of calcineurin and dephosphorylation of inactive NFAT in the cytosol. Dephosphorylated NFAT1 translocates from the cytosol into the nucleus, where it binds to specific promoter regions in genes and regulates their expression. Other factors that mediate Ca 2ϩ -dependent gene expression include cAMP response element-binding protein, serum response factor, and NFB (17, 18) .
Studies to delineate intracellular signaling mechanisms involved in salivary gland development, disease, and dysfunction have been hampered by the lack of functional cultures of salivary gland acinar cells. Unlike dispersed pancreatic acini, those from salivary glands dedifferentiate in a matter of hours. Although a few studies have described successful cultures of primary epithelial cells from salivary gland explants (19 -22) , there has been little success in maintaining the acinar phenotype or preserving the functionality of the cells in culture (23) . In our previous study (24) , we described optimal conditions for maintaining primary human salivary gland (phSG) cell cultures derived from biopsies of human salivary glands and for promoting an acinar-like phenotype with enhanced expression of acinar-specific proteins (AQP5, NKCC1, and CST3) but not ductal cell markers (KLK1 and KRT19). Importantly, we found that the [Ca 2ϩ ] in the culture medium modulates the phenotypic change of the cells with a relatively high, more physiological [Ca 2ϩ ] (0.8 -1.2 mM), triggering the acinus-like phenotype, which included an increase in acinar cell markers as well as vectorial secretion of amylase upon stimulation. Furthermore, the expression levels of Orai1, STIM1, and STIM2, key proteins involved in salivary gland physiology and Ca 2ϩ signaling, were increased in cells that were maintained in medium with a higher [Ca 2ϩ ] (24) .
On the basis of these previous findings, we hypothesized that the switch in the cellular phenotype triggered by extracellular [Ca 2ϩ ] could be mediated via changes in intracellular Ca 2ϩ signaling events likely associated with SOCE. In this study, we examined SOCE and SOCE-dependent gene expression in phSG cells maintained in medium containing 0.05 or 1.2 mM Ca 2ϩ , with particular focus on the regulation of acinar marker protein AQP5 expression. We report here that up-regulation of the SOCE proteins Orai1, STIM1, and STIM2 in cells cultured with the higher [Ca 2ϩ ] condition contributes to an enhancement of SOCE in these cells. Importantly, the increase in SOCE accounts for the enhancement in NFAT activation and NFATdependent gene expression. Finally, we present data to show that regulation of AQP5 expression is dependent on Orai1ϩ STIM-SOCE and is mediated by NFAT1-dependent regulation of the AQP5 promoter. Together, the findings suggest that SOCE, via the Orai1/STIM1/STIM2 proteins, governs AQP5 expression and thus regulates a critical process in the generation of functional acinar cells. There has been relatively little success in establishing primary cultures of salivary gland acinar cells that recapitulate the characteristics of the cell in vivo. We propose that modulation of SOCE and SOCE-dependent Ca 2ϩ signaling might provide a unique approach for the generation of functionally relevant acinar cells. This could have potentially important therapeutic significance for restoring the functionality of acinar cells in salivary glands patients with xerostomia.
Experimental Procedures
Cell Culture, Western Blotting, and Immunofluorescence-Primary human salivary gland epithelial cells were isolated and grown on collagen-coated plates (BioCoat, BD Biosciences) as described previously (24) . Briefly, phSG cells were maintained in complete KGM (Lonza) supplemented with bovine pituitary extracts, recombinant human EGF, insulin, hydrocortisone, gentamicin, epinephrine, and transferrin, and the calcium concentration was adjusted to 0.05 mM with CaCl 2 solution. For the calcium-dependent gene expression study, the indicated final calcium concentration in completed KGM was adjusted with calcium chloride, and the phSG cultures were maintained for 3 days before isolation of total RNAs or cellular protein extracts. For Western blotting, total cellular extracts were prepared as described previously and equal amounts of protein lysates were resolved in 4 -12% NuPAGE gel (Invitrogen), transferred to PVDF membranes, and probed with the corresponding primary antibodies against specific proteins overnight at 4°C. The primary antibodies used included anti-␣amylase (D55H10, Cell Signaling Technology), anti-AQP5 antibody (H-200, Santa Cruz Biotechnology), anti-cystatin C antibody (Abcam), anti-STIM1 antibody (Cell Signaling Tech-nology), and anti-␤-actin (Sigma). After washing three times with TBST (TBS with 0.05% Tween 20), the membranes were incubated with HRP-conjugated secondary antibody for 1 h at room temperature and then washed three times with PBST. The complexes were detected with SuperSignal West Pico chemiluminescent substrate (Pierce) and exposed to x-ray films (MR, Kodak). The immunofluorescence staining was performed as described previously (24) . The antibodies used were AQP5, cystatin C, and an Alexa Fluor 594-conjugated goat antirabbit antibody (Molecular Probes). Nuclei were counterstained with DAPI in mounting solution (Vector).
Plasmid Construction and Site-directed Mutagenesis-A 1.8-kb DNA fragment from the human AQP5 upstream promoter region was amplified by PCR using human genomic DNA as a template and primers with SacI and XhoI linkers attached (forward primer, 5Ј-GAACTGGAGGCGAGCTCA-GCAGCAAAGGAGC (SacI is underlined); reverse primer, 5Ј-CTTCACTCCGACCTCGAGGCGTCTAGCTCCGC (XhoI is underlined)). The PCR products were digested with SacI/XhoI, gel-cleaned, and cloned into the SacI/XhoI sites of the pGL3-Basic luciferase reporter plasmid (Promega) to generate pAQP5 (F1) plasmid. This plasmid was used as a template for subsequent PCR amplification and obtained various lengths of shorter AQP5 promoter fragments for plasmids of pAQP5 (F2), pAQP5 (F3), and pAQP5 (F4), as shown in the figure legends. To generate the mutation plasmid carrying two putative NFAT motifs (at Ϫ75 and Ϫ287 upstream of the transcription start site of the AQP5 gene) in the context of the pAQP5 (F4) construct, a site-directed mutagenesis kit (QuikChange, Stratagene) was used together with oligonucleotides of 5Ј-CGCAG-GAGtAcAAGGAGGAGCTGG (the NFAT core binding motif (Ϫ75) is underlined, and the mutation is lowercase) and 5Ј-TGCCCACTTgTaCCAAAACGCCAGC (the NFAT core binding motif (Ϫ287) is underlined, and the mutation is lowercase) to make the pAQP5(F4/N1) and pAQP5(F4/N2) plasmids, respectively. All PCR fragments and the presence of the mutated sequences were confirmed by DNA sequencing.
RNA Interference (siRNA), Luciferase Assays, and Quantitative Real-time PCR-RNA interference (siRNA) was applied to knock down the transcripts of interest. The siRNAs of NFATC2, Orail1, STIM1, and STIM2 were obtained from Qiagen. The indicated siRNAs (50 nM) were transfected into phSG cells using HiPerFect transfection reagent (Qiagen) following the protocol of the manufacturer. All Star negative control siRNA (Qiagen) was included as a control. 48 h post-transfection, total RNAs were isolated as described above, and expression of AQP5 was monitored by real-time PCR. All luciferase plasmids described below were co-transfected with the pRL-TK plasmid (Promega) using Lipofectamine 2000 (Life Technologies) in KGM-L (without antibiotics). Luciferase constructs containing NFAT response motifs (pGL-4.30, Promega) or NFB response motifs (pGL-4.32, Promega) were transfected into phSG cells for 16 h and then switched to either KGM-L or KGM-H for another 6 or 8 h before cells were lysed for the luciferase assay. For luciferase constructs that contained various truncations of the AQP5 promoter region, the duration of transfection was 8 h before the medium was changed to either KGH-L or KGM-H. Cells were maintained in their
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respective media until 48 h post-transfection, when the cells were lysed for the luciferase assay. Briefly, total cellular lysates were prepared by treating the cells with lysis buffer (Promega) and harvested according to the protocol of the manufacturer. Firefly and Renilla luciferase activity was determined using the Dual-Luciferase reagent assay system (Promega) and a Fluostar Omega microplate reader (BMG Labtech).
For the quantitative real-time PCR study, cells were transfected with the indicated siRNA (50 nM) using HiPerFect reagent for 48 h, and total RNAs were isolated using the miR-CURY RNA isolation kit (Exiqon). Total RNAs were reversetranscribed into cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems) according to the instructions of the manufacturer. Quantitative real-time PCR was performed using the indicated TaqMan probes with a cDNA template (100 ng of each) and run on StepOnePlus (Applied Biosystems). Triplicate reactions were carried out for each sample at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. GAPDH was used as an internal control for normalization, and the difference of the cycle threshold (Ct) of the gene of interest was calculated with the ⌬Ct method (⌬Ct ϭ (Ct sample Ϫ Ct GAPDH )) and used to determine the relative quantitation values (2 ϪϪ⌬⌬Ct ), which represent the relative level of -fold change over control. For each study, three independent experiments with duplicate samples were performed.
Monitoring NFAT Translocation into the Nucleus-Primary phSG cells were transfected with either the AdCMV-GFP or AdCMV-GFP-NFAT1 construct for 24 h. Nucleus translocation of NFAT was imaged following stimulation with thapsigargin (1 M) in standard extracellular solution containing 1 mM CaCl 2 (25) . The expressed GFP proteins were excited using a 488-nm laser, and the emission was detected using the 525band pass emission filter. The GFP signal was observed using an Olympus IX51 microscope (Olympus) with a ϫ20 fluorescence objective lens. The signal was collected by a CoolSNAP HQ 2 camera (Photometrics) using MetaFluor imaging software (Molecular Devices, Sunnyvale, CA). Quantification of the GFP signal in the cell nucleus and cytosol was done using Meta-Morph imaging software. Briefly, regions of interest were drawn within the nucleus and cytosol. Fluorescence intensity was measured in arbitrary units and plotted using Origin graphing software (version 2015).
Measurement of Ca 2ϩ Responses-The phSG cells were incubated with Fura-2/AM (1 M) in its growth medium for 30 min in a 37°C CO 2 incubator. These cultures were then washed twice with standard extracellular solution, and measurements were conducted in standard extracellular solution with or without calcium. Thapsigargin (Tg, 1 M) was added as indicated in the figures, either alone or followed by subsequent addition of CaCl 2 (1 mM) to the medium. The fluorescence signal of Fura-2 was recorded using an Olympus IX51 microscope operated using Metafluor imaging software (Molecular Devices), with a Till Photonics-Polychrome V spectrofluorimeter as the light source for ratiometric excitation at 340 and 380 nm and a Cool-SNAP HQ 2 camera (Photometrics) to capture the emission at 510 nm (using a Fura-2 filter cube, Chroma Technology).
Electrophysiology-Cells were cultured on coverslips, transferred to the recording chamber, and perfused with a standard external solution (145 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM Hepes, and 10 mM glucose (pH 7.4) (NaOH)). The patch pipette had resistances between 3 and 5 M⍀ after filling with the standard intracellular solution that contained the following: 145 mM cesium methane sulfonate, 8 mM NaCl, 10 mM MgCl 2 , 10 mM Hepes, and 10 mM EGTA (pH 7.2) (cesium hydroxide). Whole cell patch clamp experiments were performed in standard whole cell configuration at room temperature (22-25°C) using an Axopatch 200B amplifier (Molecular Devices). Generation of the current was assessed by the amplitude at Ϫ80 mV, taken from the currents recorded during voltage ramps ranging from Ϫ90 -90 mV over a period of 1 s imposed every 2 s (the holding potential was 0 mV) and digitized at a rate of 1 kHz. Liquid junction potentials were Ͻ8 mV and were not corrected. Capacitive currents and series resistance were determined and minimized. For analysis, the current recorded during the first ramp was used for leak subtraction of the subsequent current records.
ChIP Assays-Cultures of phSG cells grown in 150-mm culture dishes with 90% confluence were treated with phorbol 12-myristate 13-acetate (PMA, 10 ng/ml) and ionomycin (0.1 M) with or without cyclosporin A (CsA, 10 nM) for 45 min. The medium was replaced with fresh growth medium containing 1% formaldehyde and incubated for 10 min to cross-link DNA and proteins. ChIP assays were conducted using the ChIP-IT Express kit (Active Motif) following the protocol of the manufacturer. In short, the nuclear extracts were isolated and sonicated on ice to achieve chromatin fragments ϳ400 bp in length. After centrifugation for 10 min at 18,000 ϫ g at 4°C, the supernatant was collected and used for immunoprecipitation. One-tenth of each chromatin solution was used as input control. Ten micrograms of sheared chromatin were incubated with 4 g of NFAT1 antibody (sc-7296X, Santa Cruz Biotechnology) and protein G magnetic beads at 4°C overnight. Normal mouse IgG (Santa Cruz Biotechnology) was used as a control.
The immunocomplexes were washed, eluted, reverse-crosslinked, and treated with proteinase K (0.5 g/l), and then DNA was collected for the PCR reaction. Primers used to amplified the Ϫ75 and Ϫ287 region of the NFAT putative binding motifs were 5Ј-ACCGCCCTGCAGGACCCAGC (forward) and 5Ј-TGCGCGGCCTTCCCCTTTTCT (reverse) and 5Ј-TACCGGGCGTCGAGGATTGC (forward) and 5Ј-GCG-CCGCTCACCTCCCTCA (reverse), respectively. PCR was conducted at one cycle of 94°C for 2 min, 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s; and one cycle of 72°C for 5 min, and the products were run on 1.5% agarose gels.
Statistical Analysis-Statistical significance was evaluated using Student's t test.
Results

Switching from Low to Relatively High [Ca 2ϩ ]-containing Medium Increases the Expression of AQP5 and Critical Ca 2ϩ
Signaling Proteins-Primary human salivary gland cells obtained from biopsies of minor salivary glands were maintained in modified KGM medium as described earlier (24) . The cells can be maintained in KGM containing low [Ca 2ϩ ] (0.05
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mM, KGM-L) for up to 8 -10 passages. However, increasing the [Ca 2ϩ ] in the external medium to 1.2 mM, a more physiologically relevant condition (KGM-H), induces an acinar cell-like phenotype of the cells with up-regulation of AQP5 expression (24) . To determine the underlying mechanism involved in this Ca 2ϩ -dependent up-regulation of acinar cell-specific proteins, we examined the transcript levels of various proteins that could contribute to the Ca 2ϩ -dependent switch in cell phenotype and gene expression. Consistent with our previous findings, increasing the [Ca 2ϩ ] in the cellular growth medium from 0.5 to 1.2 mM induced a significant increase (about 3-fold) in the level of AQP5 transcript ( Fig. 1A) but not that of cystatin 3 (CST3), another marker for acinar cells. Importantly, there were significant increases in the transcript levels of Orai1, STIM1, and STIM2, which are critical proteins involved in the regulation of SOCE. Because NFAT1 is an important mediator of Ca 2ϩ -dependent gene regulation, we also examined the effect of KGM-H on its expression. Surprisingly, NFAT transcript was also increased about 2-fold. Thus, there appears to be a remodeling of the basic Ca 2ϩ signaling toolkit that is involved in Ca 2ϩ -dependent gene expression. These findings were validated by Western blotting (Fig. 1B) , and, consistent with the increase in the levels of transcripts, expression of STIM1, STIM2, and Orai1 proteins was also increased in KGM-H (1.2 mM Ca 2ϩ ) relative to that in KGM-L (0.05 mM, -fold changes in proteins are given in the figure legends). Finally, phSG cells in KGM-H showed a relatively higher expression of AQP5 than cells in KGM-L ( Fig.  1, C and D) . However, consistent with the transcript levels of CST3, there was no difference between the level of this protein in cells grown in KGM-L and KGM-H (-fold changes are given in the figure legends). 
NFAT Activation Is Enhanced in phSG Cells in High [Ca 2ϩ ]
Medium-SOCE mediated by the Orai1-STIM1 complex generates intracellular Ca 2ϩ signals that trigger Ca 2ϩ -calmodulindependent activation of the phosphatase calcineurin, leading to dephosphorylation and activation of NFAT (26, 27) . On the basis of the increased expression of NFAT as well as SOCE proteins, we examined SOCE-dependent activation of NFAT. GFP-NFAT was expressed in phSG cells grown in KGM-L and KGM-H, and nuclear translocation was triggered by treating cells with Tg (1 M) to stimulate SOCE. As shown in Fig. 2 , A-C, Tg induced a robust translocation of NFAT from the cytosol into the nucleus. This response was greater and occurred at a faster rate in cells maintained in KGM-H compared with those in KGM-L. The difference in efficiency of NFAT translocation can be explained by the difference in the levels of Tg-stimulated [Ca 2ϩ ] i increases in the two sets of cells ( Fig. 2, D and E) . Although Tg stimulated a sustained [Ca 2ϩ ] i increase in both sets of cells, the magnitude was significantly lower in cells grown in KGM-L than in KGM-H. This might be due to lower levels of expression of the key SOCE components (Orai1, STIM1, and STIM2) in phSG cells in KGM-L compared with those in KGM-H. Note that although cells were grown in different media, the assays described above in both cases were performed in regular Hanks' balanced salt solution medium containing 1.2 mM Ca 2ϩ .
NFAT-dependent gene expression was further examined by transfecting cells with a plasmid encoding the luciferase gene driven by a promoter containing NFAT response elements (pGL-4.30). Because both NFAT and NFB signaling pathways can be activated by changes in SOCE-dependent increases in [Ca 2ϩ ] i (28, 29) , the contribution of NFB-dependent gene expression was determined by using a plasmid encoding the APRIL 15, 2016 • VOLUME 291 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 8713 luciferase gene driven by a promoter containing NF-B response elements (pGL-4.32). phSG cells in KGM-H or KGM-L were transfected with both plasmids. Fig. 2F shows that although the luciferase activity driven by the NFAT-binding promoter was greater (70% and 120% at 6 and 8 h, respectively) in KGM-H medium (cf. activity in KGM-L), the NFB-driven promoter activity was not significantly affected by the ambient [Ca 2ϩ ] nor the experimental time period. Note that cells were transfected with the luciferase constructs while in low [Ca 2ϩ ] medium and maintained in the same medium for 16 h, after which they either remained in KGM-L or shifted to KGM-H. Thus the 6-h time point in KGM-L, the steady-state value in this medium, is the level of NFAT and NFB promoter activities at the time of switch to KGM-H. Fig. 2G demonstrates that the activity of NFAT-driven luciferase is dependent on endogenous NFAT because knockdown of endogenous NFAT significantly decreased NFAT-dependent gene expression in both sets of cells. Additionally, consistent with the robust nuclear translocation of NFAT in response to Tg stimulation of cells in KGM-H, NFAT-dependent luciferase activity was also enhanced about 2-fold by Tg treatment (Fig. 2H) .
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Store-operated Ca 2ϩ Entry Is Increased When phSG Cells Are Switched from Low to Physiological [Ca 2ϩ ]-containing Medium-SOCE was measured in phSG cells grown in KGM-H
and KGM-L media (as noted above, the assay medium was similar in both cases). Tg stimulation resulted in intracellular Ca 2ϩ release and Ca 2ϩ entry in both sets of cells (Fig. 3, A and C) . Furthermore, although intracellular release was minimally affected by knockdown of Orai1 and STIM1, Ca 2ϩ entry was substantially and significantly reduced by knockdown of both proteins (Fig. 3, A-D) . As suggested by the data in Fig. 2 , the Ca 2ϩ entry component was significantly smaller in cells maintained in KGM-L medium compared with those in KGM-H (0.173 Ϯ 0.003 versus 0.339 Ϯ 0.007, p Ͻ 0.05). Because STIM2 was also increased by switching phSG cells to KGM-H medium and has been associated with SOCE, its contribution SOCE was examined in cells in KGM-H. Knockdown of STIM2 also induced a decrease in SOCE (Fig. 3, C and D) . Together, these data demonstrate that Orai1, STIM1, and STIM2 contribute to the enhanced SOCE seen in phSG cells maintained in KGM-H. It has been well established that NFAT activation is dependent on SOCE, specifically on Ca 2ϩ entry via active Orai1 channels. Thus, we suggest that the higher level of NFAT nuclear translocation as well as NFAT-dependent gene expression seen in cells grown in KGM-H is due to enhanced SOCE. The exact contributions of STIM1 and STIM2 in the regulation of SOCE have not yet been elucidated.
To further examine the increase in SOCE, the whole cell patch clamp technique was used to measure currents activated by Tg stimulation of cells. The data in Fig. 3 , E-G, show that the inwardly rectifying current, I CRAC (calcium release-activated channel current), was measured in both sets of cells. Furthermore, cells in KGM-H displayed a 2-fold higher amplitude of the current than cells in KGM-L. The current, in either case, was inhibited by the SOCE blocker 2-aminoethoxydiphenyl borate (2APB) (Fig. 3H ). Together, our data strongly indicate an association between up-regulation of AQP5 and enhancement of SOCE and NFAT activation in phSG cells switched to KGM-H. Similar differences in current amplitudes were measured when cells were patched with pipette solution containing 10 mM EGTA in the absence of Tg in the external solution (data not shown). The activation of current in both cases was somewhat slower than with Tg stimulation.
SOCE-dependent NFAT Activation Regulates AQP5 Expression-Enhancement of SOCE and NFAT activation was associated with increased AQP5 expression during the phenotypic 
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switch of phSG cells. Thus, we examined a possible role for NFAT in regulating AQP5 expression. Knockdown of endogenous NFAT by increasing amounts of NFAT-specific siRNA (siNFAT) induced a dose-dependent reduction in AQP5 transcript levels between 5-25 nM, with maximal inhibition (about 80%) between 50 -100 nM (Fig. 4A ). Hence, cells were treated with 100 nM siNFAT for 48 h in all subsequent experiments (note that 100 nM siNFAT reduced NFAT transcript levels by Ͼ90%, Fig. 4C ). To confirm the role of endogenous NFAT in AQP5 expression, cells were treated with the calcineurin inhibitor CsA, which prevents dephosphorylation of NFAT. Although CsA induced a reduction of AQP5 expression in cells cultured in either KGM-L or KGM-H, the decrease was greater in KGM-H-cultured cells, with a 50% and 98% reduction in AQP5 transcript levels at 1 and 10 M CsA, respectively (cf. KGM-L, Fig. 4B ). Moreover, consistent with the role of SOCE in NFAT activation, knockdown of Orai1, STIM1, STIM2, or STIM1ϩSTIM2 reduced AQP5 expression to similar levels as NFAT knockdown (Fig. 4C ). Note that knockdown of NFAT did not alter the expression of Orai1, STIM1, and STIM2 (data not shown). Together, these data provide strong evidence for the involvement of SOCE and NFAT in the regulation of AQP5 expression in phSG cells and in the enhancement of AQP5 expression when cells are switched from KGM-L to KGM-H.
The Presence of Functional NFAT Motifs in the AQP5 Proximal Promoter Mediates Up-regulation of AQP5 Expression in
Response to Calcium Signaling-Following its translocation into the nucleus, NFAT functions as a transcription factor to induce the expression of various genes. Thus, we investigated whether the AQP5 promoter contains any regulatory regions that are dependent on NFAT. Six potential NFAT-binding sites with a core GGAAA sequence were identified within the first 2 kb of the AQP5 promoter, upstream from transcription initiation site (Fig. 5A) , including one on the minus strand (Ϫ287). To evaluate the role of these putative NFAT-binding sites in regulating AQP5 promoter activity, a luciferase reporter was cloned downstream from the promoter region (F1). In addition, various truncations were made, as shown in Fig. 5 , where the sites were successively deleted to generate four mutant plasmids (F2-F4). These various constructs were then transfected into cells in KGM-L and KGM-H media, and the effects of these deletions on AQP5 promoter-driven luciferase expression were evaluated. In all cases (F1-F4), substantial luciferase activities were measured with significantly higher activities (about 50%) in cells cultured in KGM-H medium than those in KGM-L (basic vector without any AQP promoter sequences were used to measure background luciferase activity) (Fig. 5B) . Interestingly, the F3 (0.9 kb) construct exhibited the least activity, whereas F1 (1.8 kb) and F2 (1.1 kb) expressed relatively higher promoter activities. Thus, deleting the upstream 200 bp resulted in a 50% reduction of promoter activity, indicating the presence of positive regulatory elements within the Ϫ1100 and Ϫ900 region, in which two consensus NFAT binding motifs were found at Ϫ975 and Ϫ920, suggesting possible involvement of these elements in the regulation of AQP5 promoter activity. Intriguingly, deletion of another 450 bp in the F4 (0.45 kb) construct resulted in an ϳ60% increase in luciferase activity compared with F3, which suggests the presence of negative reg- APRIL 15, 2016 • VOLUME 291 • NUMBER 16
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JOURNAL OF BIOLOGICAL CHEMISTRY 8715 ulatory elements within the Ϫ900 and Ϫ450 promoter region (Fig. 5B) .
The shortest promoter fragment (in F4) displayed a similar degree of up-regulation in promoter activity as the full-length fragment (in F1) in response to the higher [Ca 2ϩ ] in the culture medium. We hypothesized that the proximal end of the AQP5 promoter may contain (an) NFAT-response element(s). Because this proximal end contains two putative NFAT-binding motifs (Ϫ287 and Ϫ75), we investigated whether the acti-vation of F4 was dependent upon binding of NFAT to one or both of these two motifs. The data in Fig. 5C show that mutation of the NFAT-binding motif at the Ϫ75 position (F4/N1) resulted in a 40% and 60% reduction of luciferase expression in phSG cells maintained in KGM-L and KGM-H, respectively. The increase in promoter activity (KGM-H versus KGM-L) was 2.25-fold in F4-expressing cells and 1.6-fold in F4/N1-expressing cells (cf. control cells expressing the basic vector). In contrast, mutating the Ϫ287 motif (F4/N2) reduced luciferase 
activity by 35% in cells grown in KGM-H but had no effect on those in KGM-L (similar to the level in F4-expressing cells). In this case, the increase in luciferase activity was about 1.5-fold over that in KGM-L (Fig. 5C ). Thus, both putative NFAT-binding sites appear to be important for regulating AQP5 expression under the high [Ca 2ϩ ] condition. In addition, we knocked down endogenous NFAT to conclusively demonstrate that AQP5 promoter-driven luciferase activity in phSG cells was regulated by NFAT. Treatment with siNFAT induced a significant reduction in AQP5 promoter-driven luciferase activity in cells expressing either F4 or its mutants, F4/N1 and F4/N2 (Fig. 5C ). However, significant reduction was observed with these constructs only in cells cultured in KGM-H and not those in KGM-L. Notably, siNFAT did not alter luciferase activities in cells in KGM-L expressing F4, F4/N1, and F4/N2. Furthermore, luciferase activities with these constructs in cells in KGM-H were similar to those in KGM-L. Thus, knockdown of NFAT eliminated the enhancement of AQP5 promoter activity seen in KGM-H medium, confirming that it is regulated by NFAT. Together, these results suggest that the Ca 2ϩ -dependent increase in AQP5 promoter activity is due to NFAT-dependent regulation of the proximal end of this region (as shown in the F4 construct) and that both the N1 and N2 motifs allow binding of NFAT to the proximal end.
Ca 2ϩ -dependent regulation of the AQP5 promoter was also investigated in human submandibular gland (HSG) cells (an immortalized human salivary gland cell line). HSG cells expressing the pAQP5 promoter constructs F1 and F4 as well as F4 mutants were treated with ionomycin and PMA to significantly elevate the [Ca 2ϩ ] i that is required for activation of NFAT-dependent luciferase activity. All constructs showed relatively high promoter activities in untreated HSG cells compared with control cells expressing the basic vector ( Fig. 5D ). Nonetheless, a significant increase in luciferase activity was observed in HSG cells expressing either the F1 or F4 construct following PMA/ionomycin treatment. However, no further increase was observed in cells expressing the F4/N1 and F4/N2 constructs following treatment. These findings further confirm the involvement of the putative NFAT-binding motifs in the N1 and N2 sites within the AQP5 promoter in Ca 2ϩ -dependent regulation of AQP5 expression.
NFAT1 Binds to AQP5 Proximal Promoter in Response to Calcium Signaling in phSG Cells-To unequivocally demonstrate that NFAT indeed binds to the N1 and N2 sites within the AQP5 promoter, we performed a ChIP assay with anti-NFAT1 antibody using nuclear preparations from phSG cells. Cells were maintained in either KGM-L or KGM-H and treated with PMA/ionomycin in the presence or absence of CsA. DNA-protein complexes were pulled down using anti-NFAT1 antibody, and the DNA was used as a template to amplify a 200-bp fragment encompassing the putative NFAT-binding motifs, N1 and N2, by PCR. No significant NFAT binding was detected at the N1 site (Ϫ75 position) when phSG cells were maintained under the KGM-L condition (Fig. 6A, lane 1) . However, the binding was higher when cells were maintained in KGM-H medium (Fig. 6A, lane 4) , i.e. greater NFAT interaction with the AQP5 promoter under steady-state conditions in KGM-H medium. Under these conditions, treatment with PMA/ionomycin fur-ther increased the binding of NFAT1 to the N1 site in cells cultured in both KGM-L and KGM-H (Fig. 6A, lanes 2 and 5 (cf.  lanes 1 and 4 respectively) ), indicating that activation of SOCE promotes NFAT1 binding to the N1 motif within the endogenous AQP5 promoter. Notably, the increase in binding was greatly diminished when phSG cells were treated with ionomycin ϩ PMA in the presence of CsA (Fig. 6A, lanes 3 and 6) . On the other hand, the N2 motif did not exhibit any detectable NFAT binding under any conditions, as described above. These results directly demonstrate that NFAT1 binds to the motif at Ϫ75 (N1) but not at Ϫ287 (N2), both of which lie in the proximal end of the AQP5 promoter in phSG cells. The binding of NFAT occurred in a calcineurin-dependent manner because CsA prevented any interaction between NFAT and the N1 motif, consistent with the data shown in Fig. 4B . Furthermore, we show that this binding was increased in cells maintained in a high [Ca 2ϩ ] medium, which was consistent with the marked effects of KGM-H and siNFAT on F4/N1 compared with F4/N2 activities. This finding is somewhat different from that in Fig. 5 , which shows that both sites contribute to NFAT-dependent AQP5 promoter activity. Further studies will be required to elucidate factors that determine NFAT binding to the N1 and N2 sites of the AQP5 promoter and regulation of reporter expression.
To further define the individual contributions of PKC and SOCE to the regulation of AQP5 expression, we examined the steady-state levels of AQP5 transcript by quantitative real-time PCR in cells maintained in either KGM-L or KGM-H and treated with either PMA alone, ionomycin alone, or ionomycin ϩ PMA. Fig. 6B shows that PMA and SOCE independently enhanced AQP5 expression in KGM-H medium. Together, their effects appear to be additive. Similar results were obtained with Tg alone or Tg ϩ PMA. These data suggest that PMA can contribute to the enhancement of AQP5 expression. As shown in Figs. 4B and 6A, steady-state levels of AQP5 in cells in KGM-H are primarily determined by NFAT. However, the mechanisms involved in PMA-dependent activation of NFAT need to be further evaluated.
Discussion
Salivary glands consist of two morphologically and functionally distinct populations of terminally differentiated cells, acinar and ductal. It has been proposed that epithelial morphogenesis involves a series of cell fate decisions that trigger progenitor cells to differentiate. Several studies utilize explants of embryonic glands to study the morphogenesis of salivary glands. Although these studies have provided some clues regarding the mechanisms involved in early events associated with branching morphogenesis and salivary gland end bud formation, these cultures do not reach the stage where cells in the end bud region differentiate into acinar cells. Furthermore, the intracellular signaling mechanisms involved in ductal or acinar cell generation have not yet been fully established.
Here we report that SOCE and Ca 2ϩ -dependent gene expression are involved in promoting the switch of primary human salivary gland epithelial cells (phSG, established from explant cultures of minor salivary gland biopsies) to an acinus-like phenotype. Our previous findings demonstrated that phenotypic APRIL 15, 2016 • VOLUME 291 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 8717 modulation of these primary salivary epithelial cells is determined by the ambient [Ca 2ϩ ] of the extracellular growth medium. Although phSG cells could be maintained in a proliferative, non-differentiated state, in culture medium containing low (0.05 mM) [Ca 2ϩ ], increasing the [Ca 2ϩ ] in the medium to a relatively higher but more physiological level (Ͼ0.8 -1.2 mM) induced an acinar cell-like phenotype with up-regulation of acinus-specific proteins like AQP5 (24) . In this study, we show that this increase in extracellular [Ca 2ϩ ] induces remodeling of the Ca 2ϩ signaling toolkit, which results in increased SOCE as well as NFAT activation, both of which are critical for the up-regulation of AQP5. Importantly, our findings show that increases in Orai1, STIM1, and STIM2 contribute to the increase in SOCE. Furthermore, the Orai1-STIM generated CRAC channel appears to be the primary mediator of Ca 2ϩ entry. The increase in SOCE drives activation of NFAT-dependent gene expression. Our data also demonstrate that up-regulation of AQP5 is mediated by the binding of activated NFAT to consensus sequences in the proximal end of the human AQP5 promoter region. We provide evidence for one essential NFAT-FIGURE 6. A, high [Ca 2ϩ ] medium promotes binding of NFAT1 to the AQP5 promoter in response to activation of Ca 2ϩ signaling. phSG cells were treated for 45 min either with PMA ϩ ionomycin (10 ng/ml and 0.1 M, respectively) (B), or together with cyclosporin A (10 nM) (C), or without treatment, control (A), in KGM-L or in KGM-H medium. Cells were collected for ChIP analysis using NFAT1 antibody or normal mouse IgG as control for pull-down and assessed using PCR (described under "Experimental Procedures"). M r , DNA molecular weight ladder; N1 and N2, the positions of NFAT consensus motifs 75 and 287 bp upstream of the transcription initiation site, respectively. B, expression of AQP5 in phSG cells treated with PMA, ionomycin, and Tg. phSG cells were cultured in KGM-L or KGM-H for 2 days and then treated with PMA, ionomycin, or PMA/ionomycin for 4 h or with PMA/Tg or Tg for 15 min. Following this incubation, the reagent-containing media were replaced with the respective growth media (minus reagent), and cells were further maintained for 48 h. Total RNA was isolated, and the expression level of AQP5 transcript was monitored by TaqMan probe or quantitative real-time PCR assay. Data are presented as -fold change (mean Ϯ S.E.) of triplicate samples from three separate experiments relative to that of control conditions in KGM-L.
[Ca 2؉ ] i and NFAT Control AQP5 Expression
binding site located 75 bp upstream of the transcription initiation site. In addition, we also identified another site (at position Ϫ287) that appears to be involved in NFAT-dependent regulation of the AQP5 promoter but does not display direct binding to NFAT. One possibility is that the Ϫ287 motif may stabilize the NFAT binding on the Ϫ75 motif when forming transcription complexes. A significant reduction in NFATdriven expression was found when the Ϫ975 and Ϫ920 motifs were deleted. This indicates that other functional NFAT binding motifs might be present on the AQP5 promoter. Further studies will be required to resolve the exact role of these domains in NFAT regulation of AQP5 expression. It is interesting to note that several NFAT-binding sites have been identified in the proximal promoter region of AQP2 that regulate gene expression in response to Ca 2ϩ signals and osmotic stress (30) .
A key event triggered by switching the cells to the relatively high [Ca 2ϩ ] medium is the increase in levels of STIM1, STIM2, and Orai1, which can account for the enhancements in SOCE and SOCE-dependent activation of NFAT. This increase in Ca 2ϩ signaling determines the enhancement of AQP5 expression in cells in KGM-H. However, the [Ca 2ϩ ] i increase because of SOCE is insufficient to induce calcineurin activation and trigger NFAT translocation in cells maintained in KGM-L. Our findings suggest that this is most likely because of the lower levels of Orai1/STIM1/and STIM2 and, consequently, less functional CRAC channels in these cells. It will be important in future studies to determine the mechanisms that are involved in the regulation of Orai1, STIM1 and STIM2 expression when phSG cells are switched to a KGM-H medium.
Calcium signaling plays a critical role in the acute regulation of physiological functions in a broad range of cell types. In addition, there is strong evidence that SOCE also exerts specific long-term effects on gene expression by regulating the activation of key Ca 2ϩ -dependent transcription factors such as NFAT or cFos. Importantly, SOCE and NFAT signaling have been reported to have a role in the self-renewal and differentiation of several cell types, including lymphocytes, keratinocytes, and neural and bone cells (31) (32) (33) (34) . We and others have shown that SOCE is critical for acute regulation of ion channels that are required for neurotransmitter stimulation of fluid secretion (35) (36) (37) . The data presented here provide evidence that SOCE also exerts critical long-term effects on gene expression that not only determine the switch of phSG cells to a more acinus-like phenotype but also confer functionality by up-regulating the expression of key proteins required for fluid secretion.
In conclusion, these findings demonstrate a critical link between SOCE, NFAT activation, and up-regulation of the acinus-specific protein, AQP5, during the Ca 2ϩ -dependent switch of primary human salivary gland cells to an acinus-like phenotype. We show that SOCE, NFAT, and AQP5 are increased in phSG cells maintained in 1.2 mM Ca 2ϩ compared with cells maintained in low [Ca 2ϩ ] medium. Thus, the switch of phSG cells to a more acinus-like phenotype involves the coordinated up-regulation of critical elements that together contribute to fluid secretion, a function specifically associated with acinar cells. In aggregate, these findings suggest that modulation of Ca 2ϩ signaling could be a useful approach to establish func-tional secretory acinar cells under conditions of salivary gland dysfunction.
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